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The accessible genetics and abundant skeletal musculature of the zebrafish
make it an ideal model for studies of muscle contraction. Current functional
assays for quantifying the effect of experimental modification of zebrafish
muscle are indirect and observational, or they underestimate contractile
force. Therefore, we developed an in vivo assay for measuring muscle con-
tractile force. As proof of concept, we have measured contractile strength of
skeletal muscle in wildtype larvae and in a morphant model from 2-5 days
post fertilization (dpf). Mean maximum tetanic whole-body forces produced
by wildtype 2, 3, 4, and 5 dpf larvae amounted to 3.03 mN, 7.31 mN,
8.67 mN, and 10.94 mN, respectively. Mean twitch forces produced by
larvae were 0.90 mN, 5.58 mN, 7.08 mN, and 9.08 mN for 2, 3, 4, and
5 dpf respectively. The morphants we have analyzed are knockdowns of
two zebrafish paralogs of rbfox, rbfox1l and rbfox2, which regulate
muscle-specific splicing programs. We assessed the contractile force devel-
oped during contraction and found that our assay is clearly able to differen-
tiate between morphant phenotypes. rbfox2 morphants appear to produce
maximal tetanic forces similar to wildtype larvae, while rbfox1l morphants
demonstrate significantly impaired function by producing decreased forces
at the same developmental time points. This supports the conclusion that
rbfox1l regulates the majority of splicing events in larval skeletal muscle.
rbfox1l/rbfox2 morphants are paralyzed and their lack of significant con-
tractile force production in our assay indicated a muscle-specific defect,
not just a motoneural defect, causing the characteristic paralysis. We have
also developed an immunohistological assay for empirically determining
the cross-sectional area of larval trunk skeletal muscle in order quantify
muscle-specific force per cross-sectional area. These functional results quan-
tify muscle-specific phenotypes sans neural input.
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Zebrafish have become a prominent animal model of human disease because of
their genetic tractability and rapid development (Lieschke & Currie, 2007).
Several muscle diseases have been studied using zebrafish, including
muscular dystrophy (Johnson et al., 2013), hypertrophic and dilated cardio-
myopathy, nemaline myopathy (Sehnert et al., 2002; Asnani & Peterson,
2014; Telfer et al., 2012) and distal arthrogryposis (Ha et al., 2013). Here
we show that zebrafish myofilaments and their assemblies have molecular
structures similar to those of higher vertebrates, demonstrating their useful-
ness in elucidating structural changes due to disease mutations. EM and
3D reconstruction have shown that striated muscle contraction is regulated
by Ca2þ-induced movement of tropomyosin on thin filaments, which un-
covers myosin-binding sites on actin. Using negative staining EM and single
particle reconstruction we find that tropomyosin is well resolved in zebrafish
native thin filaments and undergoes the same Ca2þ-induced movement as
seen in other species. Zebrafish thin filaments are therefore good models
for studying the impact of thin filament mutations (actin, troponin, tropomy-
osin, nebulin) on thin filament structure and regulation. Thick filaments are
also readily isolated from zebrafish muscle and their 3D reconstruction is
similar to that of mammalian filaments (Gonza´lez-Sola´ et al., 2014). We
have isolated intact filament assemblies (myofibrils and A-segments) from
zebrafish and find that these also closely resemble those of other vertebrates,
including mammals, clearly revealing MyBP-C and M-line periodic organi-
zation. These are therefore good models for elucidating the structural impact
of mutations in myosin, MyBP-C and M-line proteins. We conclude that the
structures of zebrafish skeletal muscle thick and thin filaments and their
native assemblies closely resemble those of higher vertebrates, making
them excellent models for studying the molecular impact of disease-
causing mutations on filament structure.2973-Pos Board B403
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Tarantula muscle is an outstanding model system for elucidating thick
filament molecular structure. In past studies we showed by cryo-EM, single
particle reconstruction, and atomic fitting with a hybrid myosin head struc-
ture, that relaxed tarantula filaments are characterized by intramolecular
interaction between heads (J-motif) that is thought to inhibit myosin activity
by blocking actin binding in one head and ATPase activity in the other
(Woodhead et al., 2005). We have been pursuing improvements in technique
to obtain a higher resolution reconstruction. A key problem in reconstructing
myosin filaments is intrinsic flexibility of the heads, which reduces the res-
olution we can achieve. We have used staurosporine to minimize RLC phos-
phorylation and thus head disordering, and blebbistatin to stabilize the heads.
Automated data collection has been used to obtain images on a field emission
cryo-electron microscope (Titan Krios). Preprocessing of images has enabled
the selection of a data set as homogeneous as possible. Both SPIDER and
RELION were used for 3D reconstruction, and yielded a similar resolution
of ~13 A˚, 2-fold better than our original reconstruction, but presumably still
limited by some head flexibility. The J-motif is consistent with the original
findings, but the structure of the S2 segment of the myosin tail is much
more robust and some details of the paramyosin core are now visible. We
have built an homology model of the interacting-heads motif (using the
tarantula sequence for both heavy and light chains), that includes all surface
loops, and we are using this for molecular dynamics flexible fitting (MDFF).
Preliminary results suggest the need for repositioning of several loops from
their positions in the crystal structure, with possible implications for filament
assembly and stability.
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The super-relaxed state of myosin (SRX) in which the myosin ATPase activity
is strongly inhibited has been observed in a variety of muscle types. It has been
proposed that myosin heads in this state are inhibited by binding to the core of
the thick filament in a structure known as the ‘‘interacting heads motif’’ (IHM).
This contrasts with the disordered relaxed state (DRX), in which heads are not
organized around the core of the thick filament and have an ATPase rate that is
an order of magnitude greater. In the IHM the N-terminal lobes of the two
RLCs bind to each other. We have made a series of five single cysteine mutants
of the RLC, placed both paramagnetic and fluorescent probes on them, and
exchanged them into rabbit fast skeletal muscle fibers. Probes that were located
within the putative RLC-RLC interface tended to disrupt the stability of the
SRX. Probes far from this interface had no effect on the SRX. Most of the
spin-labels bound to the RLC were disordered in all states, however one label
(C31) showed good orientation in the SRX. Some fluorescent probes adjacent
to the putative interface showed an increased intensity during the transition
from the disordered relaxed state to the SRX. Together the results provide
further evidence identifying the location of the RLC-RLC interface, and
provide a proof of concept that pharmaceuticals that bind to this interface
will disorder the SRX leading to a potentially effective treatment for type II
diabetes and obesity.
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By recording fast X-ray diffraction movies from live bumblebee, we have
shown that specific X-ray signals (the reciprocal intensity changes of the 111
and 201 reflections) arise in the stretch phase of the flight muscle (IFM), and
from this observation and model calculations we have suggested that the
stretch-induced distortion of actin-bound low-force myosin head is the trigger
for stretch activation (SA). However, there are still some unsolved questions:
(1) does IFMmyosin have special sensitivity to stretch? (2) Is it the very regular
spatial arrangement of proteins in IFM sarcomere that causes SA regardless of
590a Wednesday, February 11, 2015the source of myosin? (3) Does the IFM-specific troponin keep the myosin from
generating force prematurely? To answer these questions we have started ex-
periments to exchange contractile proteins within IFM sarcomere with those
from other sources. It is shown that, when IFM fibers from crane fly are incu-
bated in a solution containing fluorescent rabbit skeletal muscle myosin, it is
incorporated into IFM sarcomere. This technique utilizes the properties of my-
osins that have different extractability in KCl solutions. The IFM fibers with
rabbit myosin showed a series of strong X-ray meridional reflections with a
basic repeat of 14.5 nm. On the other hand, the control IFM fibers incubated
in the same KCl solution without rabbit myosin seem to retain their endogenous
myosin molecules. These results suggest that, even at KCl concentrations too
low to extract endogenous myosin, myosin exchange occurs if exogenous sol-
ubilized myosin is present in the surrounding medium. We also plan to extract
the thin filaments in IFM and to replace them with actin filaments from other
sources.
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The Drosophila M-line protein, obscurin (475 kD) has 21 tandem Ig domains, 3
Fn3 domains, a Rho-GEF signalling domain near the N-terminus and two
kinase domains near the C-terminus. Obscurin is needed for the formation of
a symmetrical sarcomere in the indirect flight muscle (IFM). Obscurin forms
periodic striations in the IFM sarcomere 30 h after puparium formation,
when kettin and myosin are still in unstructured strands and there are no
Z-discs. Early expression of obscurin acts as a template for the formation of
symmetrical thick filaments. Reducing expression by RNAi had no effect on
sarcomere length in IFM, but the M-line was missing and the H-zone was
shifted from the midline of the sarcomere. The length and polarity of thin
filaments was determined by the position of the bare zone in adjacent thick fil-
aments. Therefore obscurin is essential for the assembly of correctly overlap-
ped thick and thin filaments in a symmetrical sarcomere. We have identified
ligands of the two kinase domains in vivo. Kinase constructs with tags were
injected into embryos and individual kinases with bound proteins were isolated
from IFM. Kinase 1 bound Ball (an active kinase) and kinase 2 bound MASK
(a 400 kD protein with ankyrin repeats). Reducing expression of these proteins
by RNAi produced a phenotype in IFM that was similar to that produced by
reducing obscurin, although obscurin itself was present at wild-type levels.
Therefore Ball and MASK probably act downstream of obscurin. These pro-
teins are linked via signalling pathways involved in the development of
Drosophila muscle.
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Background: Duchenne muscular dystrophy (DMD), the most common and se-
vere dystrophy, is caused by the absence of dystrophin. Muscle weakness and
fragility (i.e. increased susceptibility to damage) are presumably due to struc-
tural weakness of the myofiber cytoskeleton, but recent studies suggest that
malformed/split myofibers in dystrophic muscle may also play a role. We
have previously studied the biomechanical properties of the sarcolemma in sin-
gle myofibers isolated mechanically from extensor digitorum longus (EDL)
muscles in wild-type (WT) and dystrophic (mdx, mouse model for DMD)
mice. PURPOSE: We use similar biomechanical methods on enzymatically-
dissociated myofibers (both normal and malformed) from the flexor digitorum
brevis muscle (FDB) of WT and mdx mice.
Methods: FDB muscles were enzymatically-dissociated and plated on special-
ized coverslips. Suction pressures (P) applied through a pipette to the mem-
brane generated a bleb, which increased in height with increasing P. Larger
increases in P ruptured the connections between the sarcolemma and myofibrils
(speration P, or SP) and eventually caused the sarcolemma to burst. We also
examined excitability using high-speed confocal microscopy and the voltage-
sensitive indicator di-8-butyl-amino-naphthyl-ethylene-pyridinium-propyl-
sulfonate to assess the action potential (AP).Results: The mechanical results from dissociated FDB myofibers match
findings from dissected EDL myofibers, but SP was up to 14-fold higher in
the FDB than EDL. SP was 27% lower in mdx myofibers and 50% less in
branches of split mdx fibers compared to the trunk. AP amplitude was not
altered in between groups, but this work is ongoing.
Conclusions: Data indicate a reduction in muscle stiffness, increased sarco-
lemmal deformability and instability in mdx muscle. This approach corrobo-
rates the labor-intensive data obtained from single fiber dissection and allows
a facile high throughput model. Findings suggest mechanical differences due
to altered morphology, despite comparable excitability.
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MG29 is a muscle-specific member of the synaptophysin family protein that
participates in controlling the maturation and development of transverse tubule
(TT) structure and the maintenance of intracellular Ca2þ signaling in skeletal
muscle. Genetic ablation of MG29 leads to defective formation of the TT
network in skeletal muscle, which resembles the abnormal TT structure observed
in dystrophic muscles. We found that MG29 protein is drastically reduced in
mouse models with muscular dystrophy (e.g. mdx and dysferlin-/-), and such
reduced MG29 expression and disrupted TT structure were also observed in
human patient biopsies with muscular dystrophy. The mg29 gene contains a
unique 3’ untranslated region (UTR) with potential binding sites for microRNA
(miRNA) or RNA-stabilizing factors. Mutagenesis studies revealed that miR-
181a could target a region in the 30UTR that is highly conserved between mouse
and human mg29 genes to exhibit posttranscriptional control of MG29 ex-
pression in skeletal muscle. Overexpression of anti-sense miR-181a by microin-
jection into mouse flexor digitorum brevis fibers significantly increased the
expression of endogenous MG29. Studies from other investigators have shown
that miR-181a was elevated in human patients with muscular dystrophy. These
data suggest an intriguing possibility that elevated miR-181a may be a con-
tributing factor for the reduced MG29 expression under dystrophic conditions.
Further understanding of the post-transcriptional regulation by microRNA of
MG29 expression can provide more insights into the therapeutic targets of
muscular dystrophy.
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Introduction It has been shown that isometric force after active shortening of
muscles is lower than the purely isometric force performed at the corresponding
lengths. This property is termed force depression. Force depression has been
observed in isolated muscle preparations and muscles in situ and in vivo (Rassier
et al., J Applied Physiol 2004). The origin of force depression is still unknown. It
has been suggested that active shortening may affect calcium sensitivity by
changing calcium-troponin binding equilibrium leading to decreased force after
active shortening (Ekelund and Edman, Acta Physiol Scand 1982). Our aim in
the present study was to test whether calcium sensitivity was decreased after
active shortening.
Methods Experiments were performed using skinned fibres (n¼7) isolated
from rabbit psoas muscle. Calcium sensitivity was characterized by establish-
ing the force-pCa curves for isometric reference contractions performed at an
average sarcomere length of 2.4 mm and active shortening contractions from
an average sarcomere length of 3.0 mm to an average sarcomere length of
2.4 mm. pCa50 and the coefficient of cooperativity (nH) were compared between
reference and active shortening contractions.
Results and Discussion pCa50 for the reference contractions was 5.9950.02.
No change in pCa50 was observed in the force depressed state (6.0050.01).
Furthermore, the coefficient of cooperativity did not change after active short-
ening (3.950.3 versus 4.350.3 for the reference and force depressed states
respectively). These results suggest that calcium sensitivity does not decrease
after active shortening and that the binding interactions between troponin
and calcium are not altered in the force depressed state.
